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A B S T R A C T
Steel nitriding is a thermo-chemical process largely employed in the machine components production
to solve mainly wear and fatigue damage in materials. The process is strongly inﬂuenced by many dif-
ferent variables such as steel composition, nitrogen potential (range 0.8–35), temperature (range 350–
1200 °C), time (range 2–180 hours). In the present study, the inﬂuence of such parameters affecting the
nitriding layers’ thickness, hardness, composition and residual stress was evaluated. The aimwas to stream-
line the process by numerical–experimental analysis allowing to deﬁne the optimal conditions for the
success of the process. The optimization software that was used is modeFRONTIER (Esteco), through which
was deﬁned a set of input parameters (steel composition, nitrogen potential, nitriding time, etc.) evalu-
ated on the basis of an optimization algorithm carefully chosen for the multi-objective analysis. The
mechanical and microstructural results belonging to the nitriding process, performed with different pro-
cessing conditions for various steels, are presented. The data were employed to obtain the analytical
equations describing nitriding behavior as a function of nitriding parameters and steel composition. The
obtained model was validated through control designs and optimized by taking into account physical
and processing conditions.
Copyright © 2015, The Authors. Production and hosting by Elsevier B.V. on behalf of Karabuk University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
1. Introduction
The deep analysis of industrial processes depending on differ-
ent parameters necessitates the employment of computational multi
objective optimization tools. Optimization is the key to reach this
goal, achievable through integration with multiple calculation tools
and explicable by effective post-processing tools. modeFRONTIER
platform allows the organization of a wide range of software and
an easy management of the entire product development process.
The role of the optimization algorithm is to identify the solutions
which lie on the trade-off curve, known as the Pareto Frontier. These
solutions all have the characteristic that none of the objectives can
be improved without prejudicing another. The time to run a single
analysis makes runningmore than a few simulations prohibitive and
some other smart approaches are needed. These factors lead to a
Design of Experiment (DoE) technique to perform a reduced number
of calculations. After that, these well-distributed results can be used
to create an interpolating surface. This surface represents a meta-
model of the original problem and can be used to perform the
optimization without computing any further analyses.
Once data have been obtained, whether from an optimization
or DoE, or from data importation, the user can turn to the extensive
post-processing features in modeFRONTIER to analyze the results.
Not so many papers are available in literature on the analysis
on thermo-mechanical diffusion processes of nitriding based on the
Fick’s laws model. In the present paper we are going to describe the
behavior of nitriding process on different steels (40 different ma-
terials) in a broad range of processing parameters (600 experimental
conditions) leading to the description of the effect on the steel struc-
tures and the subsequent mechanical properties. In Reference 1 the
authors give a mathematical description to predict the nitrogen con-
tents as well as residual stresses and distortions after nitride
quenching. The model was implemented in ﬁnite element calcu-
lations in order to identify the proﬁles. They concluded that the
interactions between diffusion of nitrogen also need to be estab-
lished. As a general point of view, in fact, the hardening of steels
during the nitriding process is due to the N-based compounds pre-
cipitation [2]. In such a way the precipitation sequence is strongly
inﬂuenced by the compounds time formation of the single ele-
ments that must be largely considered in such kind of analysis.
Several nitrogenmass transfer mechanisms have been proposed con-
cerning the generation of nitriding species and interactions between
ions, neutrals and steel surfaces. In Reference 3, the authors ana-
lyzed the nitriding process by employing the Mullins–Sekerka
analysis on the interface separating a growing nitride layer in pure
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iron. They showed that a plane interface is unconditionally stable
due to the favorable combination of the Gibbs–Thomson effect and
of the concentration ﬁelds. This result is speciﬁc to the nitriding con-
ﬁguration where the net ﬂux of nitrogen necessary for the growth
of the layer is in the growth direction. The inﬂuence of composi-
tional and misﬁt generated stresses on the morphological stability
has been discussed qualitatively. For these reasons, in the present
paper, a large attention was devoted to the measurement and the
control of compound layers and their effect onmechanical properties.
Other authors described results of simulations of the diffusional
process of nitrogen on pure iron by putting emphasis on choice of
the nitriding potential of NH3–H2 atmosphere on microstructural
constitution and growth kinetics of nitride layers. On the basis of
latest investigations about experimental results from nitrogen
absorption-isotherms theory, they have shown that it is possible to
predict both microstructural nature and thickness of nitrided layers
as well as the nitrogen proﬁle within the formed phases during gas
nitriding [4,5]. In Reference 6, a generalizedWagner diffusion model
Fig. 1. Workﬂow of analysis.
Table 1
Composition of some of the steels analyzed in the present study.
Steel C Si Cu Mn Cr Ni Mo Al Ti V Nb S Co W N P
% % % % % % % % % % % % % % % %
AISI1020 0.2 0.8 0 0.9 13 0 0 0 0 0 0 0.02 0 0 0 0.01
15CrMoV5-9 0.05 0.6 0.8 1.1 18.3 8.5 0 0 0.01 0 0 0.01 0 0 0 0.01
AISI5115 0.16 0.28 0 1.15 0.95 0 0 0 0 0 0 0.01 0 0 0 0.01
25CrMo20 0.25 0 0 0 5 0 0.2 0 0 0 0 0.01 0 0 0 0.015
31CrMo12 0.3 0.3 0 0.7 3.2 0 0.35 0 0 0 0 0.01 0 0 0 0.01
32CrMoV13 0.28 0.35 0 1.54 0.26 0 0 0 0 0.11 0 0.012 0 0 0 0.015
34CrNiMo6 0.38 0.26 0 0.7 0.8 0.7 0.22 0 0 0 0 0.01 0 0 0 0.02
34CrAlNi7 0.34 0 0 0 1.7 1 0.2 1 0 0 0 0.01 0 0 0 0.01
39NiCrMo3 0.4 0.3 0 0.7 1 1 0.2 0 0 0 0 0.02 0 0 0 0.01
42CrMo4 0.38 0.4 0 0.65 1.2 0 0.15 0 0 0 0 0.015 0 0 0 0.015
50VCr11 0.45 0.5 0 1 11 0.7 0 0 0 0.3 0 0.03 0 0 0 0.03
AISI304 0.05 0.56 0.8 1.12 18.3 8.5 0 0 0.01 0 0 0.012 0 0 0 0.013
AISI316L 0.07 1.00 0 2.00 17.50 12.00 2.00 0 0 0 0 0.03 0 0 0 0.05
X6Cr17 0.08 0 1 1 17 0 0 0.3 0 0 0 0.015 0 0 0 0.04
AISI410 0.12 1 0 1.5 13 0.75 0 0 0 0 0 0.015 0 0 0 0.04
AISI431 0.2 0.8 0 0.8 16 2 0 0 0 0 0 0.02 0 0 0 0.015
AISI4140 0.4 0.5 0 1.1 1 0 0.2 0 0 0 0 0.04 0 0 0 0.035
AISI4340 0.4 0.25 0 0.7 0.8 1.85 0.25 0 0 0 0 0.02 0 0 0 0.015
AISI7140 0.42 0.3 0 0.55 1.6 0 0.38 1 0 0 0 0 0 0 0 0
H10 0.36 0.39 0 0.32 2.96 0 2.86 0 0 0.41 0 0.002 0 0 0 0.03
H11 0.42 1.22 0 0.49 5.1 0 1.27 0 0 0.44 0 0 0 0 0 0
H12 0.36 0.87 0 0.43 5 0 1.7 0 0 0.33 0 0.01 0 1.15 0 0.01
H13 0.37 1 0 0.45 5.33 0.08 1.24 0 0 0.83 0 0.015 0 0 0 0.01
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was used to analyze the layer formation and growth in deﬁnite
experiments on plasma nitriding of pure iron. It was demon-
strated that the model is able to predict the compound layer
composition and can be used as a method for calculation of the ef-
fective diffusion coeﬃcients in the ﬁrst sublayer of the compound
zone, providing that the concentration ranges and the effective dif-
fusion coeﬃcients of the nitrogen in the other sub-layers, as well
as the total compound layer thickness as a function of time, are
known. The thickness of the compound layer and the diffusion zone
as well as their phase composition and the consequent mechani-
cal properties depend on the nitriding temperature and time, which,
in turn, depend on the nitrogen activity of the medium in which
the nitriding process is taking place. In addition such chemical–
physical processes depend on the state of the material before
nitriding [7]. For this reason, in the present multi-objective opti-
mization analysis the state of the material (in particular the heat
treatment temperature) before nitriding was taken into account. In
Reference 8 the authors modeled the nitrogen decomposition on
the steel surface as a consequence of processing parameters. In Ref-
erence 9 the authors evidence the nitride layers formation in high
temperature gas nitriding of stainless steel. In References 10 and
11 other authors underline the nitriding properties of steel after
treatment at high temperatures up to 1050 °C. In Reference 12 the
authors model the process through ﬁnite element analyses by em-
ploying microstructural data obtained from X-ray diffraction
measurements. The same methods for microstructural evolution
monitoring is described in Reference 13. The method is largely de-
scribed in References 14 and 15 with experimental evidence. In
References 16–18 the authors analyze the microstructural evolu-
tion of nitride layers through X-ray diffraction and model the
nitriding behavior of H13 tool steel through a ﬁnite method. In Ref-
erences 19 and 20 the authors modeled the nitriding behavior
through the analyses of compound layer thickness. The aim of the
present paper is the complete experimental-numerical analyses of
a nitriding process useful in designing a platform capable of ana-
lyzing the best conditions to reach high performances of nitride
components or designing speciﬁc steel capable of being nitride in
order to reach speciﬁc performances under ﬁxed processing con-
ditions. The strength of the analyses is due to the large quantity of
data employed to develop the proposed model.
2. Experimental procedure
Steel cylindrical samples 100 mm in diameter were nitrided by
varying the nitrogen potential, nitriding temperature and time. Ni-
triding process was performed in a laboratory furnace equippedwith
a sensor capable of performing measurements of nitrogen poten-
tial in the furnace atmosphere, in this way it was possible to precisely
control the ammonia ﬂux in the furnace. The sensor is sensible to
hydrogen concentration that varies with ammonia dissociation. In
this way it is possible to control the ammonia ﬂux in order to ﬁx
the nitrogen potential. Compositional measurements were per-
formed through EDXmicroanalyses in a Zeiss EVO40 SEM. Residual
stresses and nitride thickness layer measurements were
Table 2
Example of nitriding input parameters employed in the present study.
Steel TH Np TN tN
°C % °C h
AISI1020 550 12 350 0.5
15CrMoV5-9 433 26 430 179
AISI5115 170 6 510 50
25CrMo20 600 3 520 1
31CrMo12 570 3 520 30
32CrMoV13 600 1.5 550 100
34CrNiMo6 571 14.4 510 176
34CrAlNi7 600 1.2 500 3
39NiCrMo3 552 5.6 1180 40
42CrMo4 600 1.3 550 6.5
50VCr11 420 3 520 1
AISI304 20 10 580 5.5
AISI316L 20 35 500 5
X6Cr17 600 15 450 24
AISI410 720 3 520 20
AISI431 799 20.8 925 128
AISI4140 560 6 550 14
AISI4340 588 11.4 1185 143
AISI7140 570 12.4 930 124.5
H10 600 15 510 12
H11 486 21 1200 150.5
H12 600 15 580 8
H13 540 17.4 750 33.5
Table 3
Example of output results measured after nitriding.
Steel N_0 N_200 εs εf γ’s γ’f Hv_0 Hv_200 σ_0 σ_100
% % μm μm μm μm MPa MPa
AISI1020 0.2 0 0 2 0 2 340 290 −70 −65
15CrMoV5-9 3 0.1 0 20 0 130 870 520 −130 −310
AISI5115 3 0.4 0 60 0 210 750 600 −110 −310
25CrMo20 0.4 0 0 5 0 25 450 310 −50 −160
31CrMo12 3 0.2 0 25 0 160 950 800 −400 −600
32CrMoV13 1.4 1.4 0 30 0 210 870 720 −350 −450
34CrNiMo6 6 0.7 0 170 0 510 990 560 −140 −250
34CrAlNi7 1 0 0 5 0 70 850 400 −260 −280
39NiCrMo3 3 0 0 5 0 25 620 340 −140 −380
42CrMo4 1.3 0.3 0 25 0 360 700 500 −50 −70
50VCr11 1.3 0 0 40 0 45 1100 380 −80 −170
AISI304 10 0 0 32 0 75 1280 200 −200 −120
AISI316L 21 0 0 20 0 40 1100 1060 −280 −200
X6Cr17 9 0 0 30 0 45 1220 260 −90 −170
AISI410 2 0.2 0 65 0 180 1200 320 −400 −540
AISI431 1.2 0 0 6 0 21 590 230 −140 −460
AISI4140 4 0.6 0 80 0 320 750 520 −130 −160
AISI4340 7 0 0 7 0 14 470 210 −140 −390
AISI7140 2 0 0 15 0 90 640 210 −110 −170
H10 14 0.1 0 20 0 140 1100 510 −230 −420
H11 11 0 0 30 0 90 840 140 −180 −490
H12 8 0 0 18 0 170 1070 300 −200 −540
H13 11 0 0 2 0 11 970 280 −290 −620
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performed through X-ray diffraction by using a Rigaku Ultima+
diffractometer by employing Hall–Williamson plotting. The
Hall–Williamson method [21] is based on the principle that the
lattice size broadening and strain broadening vary quite differ-
ently with respect to Bragg angle. By scannning a surface with X-rays
andmeasuring the peak shifts of the spectrum, residual strains (and
residual stresses) can be measured. Samples were cut along the
center section, ground and polished, then the residual stresses were
measured from the surface to the bulk. Microhardness was mea-
sured by employing a Vickers indenter with a 1000 gf load for 15 s.
Starting from a database built with experimental results, com-
putational models (virtual n-dimensional surfaces) able to reproduce
at best during the actual process were developed. Through such anal-
ysis it was possible to optimize the output variables (% N, residual
stress, beginning and end nidrides ε, beginning and end nidrides
γ’).
The method used for the creation of meta-models to simulate
the actual process through the use of physical laws with appropri-
ate coeﬃcients to be calibrated was that of the RS.
This method consists of creating n-dimensional surfaces that are
“trained” on the basis of actual input and output. These surfaces
trained on a large experimental data can give the output numbers
that reﬂect the real process of nitriding.
In the present study response surfaces (RS) that are best suited
to deal with a multi-objective optimization were obtained. The
available tools are the ones offered by modeFRONTIER, such as RS
distance, the RS residual and RS function plot.
The experimental design consists of 600 input and output ob-
tained from experimental data. To train the virtual surface in the
training phase 580 experimental design inputs and outputs were
included. The remaining 20were used in the design validation phase.
The computational details were largely described by the authors
in Reference 22.
The nitriding process through the analysis performed by
modeFRONTIER is summarized in the workﬂow of Fig. 1.
The workﬂow is divided into the data ﬂow (solid lines) and logic
ﬂow (dashed lines) having as their common node the computer node
in which to introduce physical and mathematical functions repre-
senting the nitriding process. In the data ﬂow all input parameters
included are optimized in the numerical simulations:
✓ Steel composition
✓ Nitrogen potential
✓ Nitriding temperature
✓ Nitriding time
as well as the output parameters:
✓ % nitrogen hardened in the layer between 5 μm and 600 μm of
distance from the surface of the sample
Fig. 2. Correlation matrix of the different inputs–outputs analyzed in the present study.
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✓ Residual stress between 5 μm and 600 μm of distance from the
surface of the sample
✓ Hardeness stress proﬁle between 5 μm and 600 μm of distance
from the surface of the sample
✓ Beginning and end nidrides ε
✓ Beginning and end nidrides γ’
The output variables deﬁne a multi goal analysis and have been
minimized, taking into account someconstraints or limitations typical
of the actual process. At this stage the nodes that make up the logic
ﬂow of numerical analysis are deﬁned. The ﬁrst node is the DoE,
which is the set of different designs reproducing different possible
working conditions, amongwhich themost affective ones are high-
lighted. Therefore it means creating a set number of designs that
will be used by the scheduler (the node where the best algorithm
is introduced) for the optimization. Depending on how this space
is ﬁlled, the designs, deﬁned by the scheduler, aremore or less truth-
ful. Therefore the choice of the DoE is to be assessed correctly.
Generally, in this kind of analysis, the heart of the optimiza-
tion is represented by a series of equations of chemical and physical
nature of a given resolution to get the desired output. In the present
case, all this information is not clear, due to the complexity of the
process and so it was chosen to employ themethodology of response
surfaces. Optimization software allows the following of different
kinds of RS. For each output variable to be minimized it is neces-
sary to create a response surface. The analysis starts from a database
built with data of operating conditions of the sintering plants ob-
tained from experimental measurements and other related values
found in the literature.
The database is divided into two main parts. The ﬁrst one con-
tains all the input parameters; the second one contains the
corresponding output for each input conditions set.
The steel compositions and the nitriding input parameter ex-
amples, performed on the cyclindrical samples, are summarized in
Tables 1 and 2.
3. Results and discussion
The output results corresponding to the steel compositions and
input parameters previously shown are listed in Table 3. As a general
behavior microhardness in steels is strongly dependent on nitrid-
ing temperature; on the contrary they are differently dependent on
the nitrogen potential as a function of steel composition and ni-
triding time.
(a) (b)
(c) (d)
Fig. 3. Nitrogen concentration on the surface as a function of nitrogen potential and nitriding time for different steels and representative of all the collected data.
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Of the 600 starting designs, 580 were used to generate meta-
models, while 20 designs were employed as designs of control to
verify the affordability of the response surfaces. These 20were chosen
in order to get the right information on the entire range of exis-
tence of the output variables.
The next step is to evaluate the performance surface and use them
as a node operator in our work ﬂow. Initially the tool RS distance,
allowing to assess graphically the distance between the real values
provided by the database and those generated by the virtual meta-
model, was employed. The virtual proﬁle is very close to that of the
actual design.
It is important, in the present analysis, to employ the so called
“correlationmatrix” that allows to immediately recognize howmuch
the different variables are correlated between each other; the pa-
rameters are actually strongly correlated if the corresponding value
in the table is distant from zero in a range between −1 and 1, if the
value is 1 the parameters are directly correlated, while if the value
is −1 the parameters are inversely correlated. An example for the
present study is given in Fig. 2, from such matrix it is also possible
to observe the different weight of all the parameters, the more the
value differs from 0 themore it inﬂuences the corresponding variable.
In the correlation matrix of Fig. 2, the nitrogen concentration,
material hardness and residual stresses at different distances from
the surface (0 and 200 μm for nitrogen and hardness, 0 and 100 μm
for residual stresses) are shown; the ε and γ’ nitrides thickness layer
dependences on nitriding parameters are also shown. In the case
of nitriding hardening, the nitrogen concentration on the surface
(N_0) is strongly dependent on nitrogen potential and on nitrid-
ing time, an example of bubble graph for AISI1020, 42CrMo4,
50VCr11 and all the collected data is given in Fig. 3.
Fig. 3a shows that nitrogen concentration on the samples surface
increases with nitrogen potential and temperature increase for
AISI1020. An example of linear increase is shown for 42CrMo4 steel
(Fig. 3b). A non linear dependence is observed for other steels such
as 50 CrV11 (Fig. 3c). The nitrogen concentration at 0.2 mm from
the surface (N_200) is directly dependent on heat treating temper-
ature before nitriding and inversely proportional to nitriding
temperature and nitriding potential. The surface hardness (Hv_0)
is dependent strongly on nitriding temperature, then on nitriding
time (Fig. 4). A linear dependence on nitriding temperature and time
is underlined for AISI1020 (Fig. 4a), for 42CrMo4 (Fig. 4b) and for
50CrV11 (Fig. 4c).
(a) (b)
(c) (d)
Fig. 4. Microhardness on the surface as a function of nitriding temperature and nitriding time for different steels and representative of all the collected data.
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The microhardness at 0.2 mm from the surface (H_200) is de-
pendent on the same parameters with almost the same weight. The
residual stresses on the surface (σ_0) are dependent on the nitro-
gen potential while the residual stresses at 0.1 mm from the surface
(hw_100) are dependent on nitriding temperature and heat treat-
ing temperature; the residual stresses are strongly the function of
the compound layers formed during diffusion.
3.1. Analytical model
The nitriding process leads to steel hardening, thanks to the dif-
fusion of nitrogen in the interstitial sites of iron leading to the
precipitation of high hardness nitrides. Nitride layers are generally:
–Surface zone (5–30 μm) with varying portions of Feγ’ Fe4N (face
centered cubic ductile phase) and Fe2–3N (HCP) more brittle but
with very good wear properties.
–Another zone (0.05–0.8 mm) that results into a solid solution
of nitrogen in the ferrite with the presence of nitrides in the form
of very ﬁne reinforcing particles (Fig. 5).
The analytical model relative to the equations employed to solve
the Fick’s laws to be implemented in the ﬁnite element code is largely
described in Reference 2.
In the present approach, the evaluation of the dependence on
the main input parameters on the nitrogen diffusion has been ana-
lyzed. The scatter matrix of the nitrogen diffusion as a function of
input parameters is shown in Fig. 6.
In the surface layers a linear dependence on nitrogen potential
can be underlined. The dependence tends to zero after 300 μm. In
the inner layers a linear inverse proportionality with the
nitriding temperature can be observed. In order to correlate the
local nitrogen diffusion to the nitriding parameters it is useful to
employ scatter charts relative to single points. In Fig. 7 the
(a)
(b)
Fig. 5. Different hardening phases as a function of temperature and percentage of different elements in the Fe–N diagram (a); Leher diagram (b) Reference 1.
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Fig. 6. Nitrogen concentration dependence on nitriding input parameters.
(a) (b)
Fig. 7. Scatter charts describing the nitrogen concentration as a function of nitriding temperature on the surface and at 200 μm thickness.
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nitrogen concentrations on the surface and at a thickness of 200 μm
are described.
The optimal nitriding temperature for the maximum concen-
tration of nitrogen on the surface is around 700 °C; the optimal
nitriding temperature for the maximum concentration at 200 μm
from the surface is 600 °C.
The nitrogen concentration on the surface is linearly depen-
dent on the nitrogen potential while it seems less dependent on the
nitriding time (Fig. 8). The different colored points refer to differ-
ent processing conditions and steels.
With regards to the hardening phases formation the thickness
of the different phases was monitored. The corresponding scatter
matrix dependence is shown in Fig. 9.
The thickness of the hardening phases is non-linear dependent
(in particular with regard to the nitriding temperature) on the input
parameters. A local approach better describes these conditions. The
singular hardening phases in nitriding are often overlapped. (CrN,
AlN, TiN, . . .); in the present paper thicknesses of the different layers
were evaluated through the coupled variation in hardness and re-
sidual stresses. The thickness of ε and γ’ as a function of nitriding
temperature is shown in Fig. 10.
ε and γ’ reach their maximum thickness for a nitriding temper-
ature around 600 °C. Their thickness increases as the nitrogen
potential increases up to 10 atm−1/2, then a decrease is observed.
Hardening phase thickness shows a maximum for a nitriding time
around 15–20 h (Fig. 11).
(a) (b)
Fig. 8. Nitrogen concentration on the surface as a function of nitrogen potential and nitriding time.
Fig. 9. Hardening phase thickness dependence on the nitriding input parameters.
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The experimental results of the present study demonstrated that
the nitrogen potential inﬂuences the maximum hardness values on
the surface. On the contrary, the nitrogen potential does not inﬂu-
ence the hardness proﬁle, it is strongly inﬂuenced by the steel
composition. The corresponding scatter matrix shows the correla-
tion between the nitriding parameters and the hardness proﬁle
(Fig. 12).
It is diﬃcult, in such a case, to give some linear dependence of
the hardness proﬁle on the nitriding processing conditions. By taking
into account a local approach we can observe that the surface hard-
ness increases with increasing nitrogen potential for low values, then
it decreases with increasing nitrogen potential (Fig. 13a). The surface
hardness linearly increases as the nitriding temperature increases
up to 500–550 °C, then the surface hardness decreases as the ni-
triding temperature increases (Fig. 13b).
An inverse dependence of hardness with nitriding time was ob-
served. A very interesting phenomena is the relationship between
the hardness of the inner layers and the γ’ phase behavior, in par-
ticular, a linear increase in the inner hardness is related to an increase
in the γ’ phase (Fig. 14).
Residual stresses in nitride components are mainly due to the
nitrides expansion into the ferritematrix. Residual stresses aremainly
governed by the nitriding temperature with a strong drop for tem-
peratures in the range 550–600 °C (Fig. 15).
(a) (b)
Fig. 10. Hardening phase thickness as a function of the nitriding temperature.
(a) (b)
Fig. 11. ε phase thickness as a function of nitriding temperature and time.
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Fig. 12. Hardness dependence on the nitriding processing conditions.
(a) (b)
Fig. 13. Surface hardness dependence on nitrogen potential (a) and on nitriding temperature (b).
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All the results provided by modeFRONTIER can be employed to
develop an analytical instrument to predict the diffusional and me-
chanical properties of nitrided specimens. The main result of this
phase is the possibility to obtain the dependence of microstruc-
tural and mechanical properties of the nitrided materials as a
function of all the employed input parameters. An example of such
equations (Eqs. A1–A5), describing the dependences of carbon con-
centration, martensite phase, hardness and residual stresses at a
thickness of 0.05 mm, is reported in the Appendix.
3.2. Validation
The input parameters training set is underlined in Tables 4 and
5.
The validation set obtained by modeFRONTIER computation is
described in Fig. 16.
For the selected conditions the experimental and numerical
results were compared.
The results in terms of microhardness, nitrogen proﬁle and re-
sidual stresses of the control designs are shown in Figs. 17–20. The
nitriding conditions are described in Table 6.
In all the validation designs an excellent agreement between
experimental and numerical results for the nitrogen and
microhardness proﬁles can be recorded. In some cases such agree-
ment differs for the residual stress proﬁles probably depending on
the range of experimental input ﬁxed for the singular steel (e.g.
AISI 304).
For the main validation designs the calculation of the precipi-
tation layers’ thickness is also in good agreement with the
experimental measurements (Fig. 21). The nitriding conditions for
each control design are described in Table 6.
The Mean Square Error (MSE) applied on the points of measure-
ment of the speciﬁc size of output was employed for the error
calculation. Expressing the discrepancy between experimental and
numerical values as follows:
Δy y yi i num i= −exp, , (1)
theMean Square Error (MSE) for the outputs representative of a point
is equal to:
MSE
yi
i
=
( )
=
∑ Δ
2
1
5
5
(2)
Themean square error for the 10 selected control designs is given
in Table 7:
Fig. 14. Hardness dependence on γ’ phase thickness.
Fig. 15. Surface residual stresses dependence on nitriding temperature.
Table 4
Compositional limits of the nitride steels.
Element
(%)
Fe C Si Cu Mn Cr Ni Mo Al Ti V Co W
Min. 63.9 0.01 0 0 0 0 0 0 0 0 0 0 0
Max. 100 2.4 1.22 3 2.24 20 12 4.75 1.1 0.5 9.8 12.1 6
Table 5
Input parameter limits.
TH (°C) Np (%) TN (°C) tn (h)
0 0.8 350 0.5
799 35 1200 180
Table 6
Nitriding conditions for the control designs.
Steel TH Np TN tN
°C % °C h
AISI1020 595 8.8 740 136.5
15CrMoV5-9 500 8 550 50
31CrMo12 523 35 495 58
34CrAlNi7 550 26.4 900 128
39MoAlCr15 570 12.6 1175 87
AISI304 20.0 10 500 20
AISI420 640 3 540 4
M2 614 1.4 930 176
V2 618 28.8 885 56
18HGT 617 26.8 885 131.5
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3.3. FEM (ﬁnite element modeling) calculation and optimization
The ﬁnite element calculations were performed on cylindrical
samples. The mesh geometry was realized with much more ele-
ments on the sample surface (Fig. 22).
The material database is built by assigning the nitriding perfor-
mances for each steel in terms of compositions, in this way it is
possible to choose the optimal steel for each needed nitriding output
and, at the end of the optimization phase, design a speciﬁc steel
to reach the needed nitride conditions. In the ﬁrst case it is possi-
ble to perform the simulation with ﬁxed nitriding conditions on a
different steel in order to choose the best composition ﬁtting with
the needed mechanical properties. The second case is realized for
those conditions in which the user needs to design new steel for
very speciﬁc performances. The platform is designed to ﬁx up to 3
objective functions in terms of mechanical properties (hardness, ni-
trogen concentration, residual stresses). All the input parameters
are given to themeta-models throughmodeFRONTIER. The post pro-
cessing of the runs is the optimization phase.
In the optimization study different objective functions were iden-
tiﬁed to be related to mechanical properties to be optimized under
physical constraints. The identiﬁedmechanical properties were hard-
ness and residual stresses. By taking a look at the hardness behavior
it was decided to maximize the bulk hardness at a different distance
(a)
Fig. 16. Validation set of nitriding conditions.
Table 7
Mean square error for the nitriding output for each selected control design.
Design N(%) Hv (Vickers) ε (μm) γ’ (μm) σ (MPa)
1 0.45 19.32 0.61 18.85 69.79
2 0.18 28.15 0.58 29.60 103.7
3 1.79 97.04 38.88 111.81 85.84
4 0.33 49.07 10.12 51.66 47.81
5 1.5 83.23 7.47 35.13 61.86
6 0.07 59.62 0.33 13.43 97.84
7 0.05 134.65 2.60 35.26 24.37
8 0.28 38.53 1.3 9.33 108.99
9 0.44 35.91 51.96 17.38 46.29
10 0.45 35.21 21.19 14.49 58.33
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from the surface and the surface hardness. After the convergence
test, the Pareto analyses allow to identify the better compromise
between the two functions. The results showed an excellent agree-
ment for the nitrogen concentration and hardness, a more
pronounced shift of numerical data from experimental ones can be
underlined for the residual stresses. At the end of the analyses the
hardness proﬁles as a function of the number of runs were iden-
tiﬁed (Fig. 23), and for those proﬁles the processing parameters to
be employed for the achievement of the desired mechanical prop-
erties were obtained (Fig. 24).
4. Conclusions
In the present paper experimental data, ﬁnite element calcula-
tions, and multi-objective optimization were integrated in order to
develop a model capable of predicting mechanical properties, mi-
crostructural evolution and phase transformations during steel
nitriding as a function of chemical compositions of steel and pro-
cessing parameters. From the experimental results the mapping of
nitrogen concentration, microhardness, residual stresses, precipitate
distribution as a function of different processing parameters for
various steels was obtained. The results were summarized in a da-
tabase useful for further analyses, in particular to obtain the data
to be compared with the numerical ones. From the analyses of the
correlation matrices it was calculated that nitrogen concentration
on the surface is strongly dependent on nitrogen potential and on
nitriding time; surface hardness is dependent strongly on nitrid-
ing temperature; residual stresses on the surface are dependent on
the nitrogen potential while the residual stresses in the inner layers
are dependent on nitriding temperature; residual stresses are
strongly function of the compound layers formed during diffu-
sion. A deep local analysis allowed calculating the dependence of
mechanical and microstructural behavior, at ﬁxed distances from
the surface, on all the employed experimental processing param-
eters. All the datawere employed for the calculation and optimization
through modeFRONTIER and ANSYS in order to develop an analyt-
ical instrument capable of predicting the microstructure and
mechanical properties of steels during nitriding in a broad range
of conditions. In particular, a generalized solution of the Fick’s law
(b)
Fig. 16. (continued)
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was obtained and the equations relating to microstructural and me-
chanical properties (nitrogen concentration, nitrides layers,
microhardness and residual stresses) of different steels as a func-
tion of nitriding parameters were calculated. The calculations led
to the deﬁnition of the independent coeﬃcients solved by ANSYS
through modeFRONTIER by matching in closed loops the solu-
tions with the experimental data. In the validation phase, the
correlation between experimental and numerical results (ob-
tained by the previous described procedure) was analyzed for
selected control design belonging to AISI1020, 15CrMoV5-9,
31CrMo12, 34CrAlNi7, 39MoAlCr15, AISI304, AISI420, M2, V2, 18HGT
steel. At the end of the study, different designs optimized to achieve
the maximization of surface and bulk hardness of the nitrided steel
were identiﬁed.
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Fig. 17. Nitrogen concentration (a), microhardness (b) and residual stresses (c) as a function of the distance from the sample surface for the control design of 15CrMoV5-9
steel.
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Equation A1: Nitrogen concentration on the sample surface as
a function of processing parameters and steel composition.
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Equation A2: Nitrogen concentration at a distance of 200 μm
from the nitride surface as a function of processing parameters and
steel composition.
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Fig. 18. Nitrogen concentration (a), microhardness (b) and residual stresses (c) as a function of the distance from the sample surface for the control design of 34CrAlNi7
steel.
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Equation A3: Hardness concentration on the sample surface as
a function of processing parameters and steel composition.
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Equation A4: Thickness of the ε nitrides as a function of pro-
cessing parameters and steel composition.
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Fig. 19. Nitrogen concentration (a), microhardness (b) and residual stresses (c) as a function of the distance from the sample surface for the control design of AISI304 steel.
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(a)
(c)
(b)
Fig. 20. Nitrogen concentration (a), microhardness (b) and residual stresses (c) as a function of the distance from the sample surface for the control design of AISI420 steel.
(a) (b)
Fig. 21. Thickness comparison between numerical and experimental data for 10 control designs with regards to ε and γ’ phases.
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Fig. 22. Mesh geometry of the nitride samples.
Fig. 23. Different hardness proﬁles as a function of the computational runs.
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Equation A5: Thickness of the γ’ nitrides as a function of pro-
cessing parameters and steel composition.
Nomenclature
TH heat treatment temperature
Np nitrogen potential
TN nitriding temperature
tN nitriding time
N_xxx nitrogen concentration at xxx μm from the surface
εs distance from the surface of the starting point of ε phase
εf distance from the surface of the ending point of ε phase
γ’s distance from the surface of the starting point of γ’ phase
γ’f distance from the surface of the ending point of γ’ phase
Hv_xxx microhardness at xxx μm from the surface
σ_xxx residual stresses at xxx μm from the surface
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